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ABSTRACT 


This  report  describes  the  present  status  of  an  on-going  study  of  the 
properties  of  gold-doped  silicon.  Resistivity,  Hall  effect,  and  carrier 
lifetime  are  being  measured  at  room  temperature  in  silicon  wafers  doped 
with  varying  amounts  of  gold  and  either  phosphorus  or  boron.  Reasons 
are  being  sought  for  the  apparent  discrepancy  between  total  and  electri¬ 
cally  active  gold,  for  the  discrepancy  between  calculated  and  observed 
resistivity  in  both  n-type  and  p-type  specimens  with  very  large  gold  con¬ 
centration,  and  for  the  diversity  in  capture  cross  section  data  reported 
in  the  literature.  Although  many  questions  still  remain,  progress  has 
been  made  in  resolving  these  discrepancies.  There  is  considerable  evi¬ 
dence  that  the  low  resistivity  observed  at  large  gold  concentrations  is 
associated  with  the  introduction  of  shallow  acceptor  states  in  concentra¬ 
tions  strongly  dependent  on  the  gold  concentration.  The  origin  of  these 
states  is  being  sought.  Initial  studies  of  the  application  of  the  sur¬ 
face  photovoltage  method  to  the  measurement  of  carrier  lifetime  in  gold- 
doped  silicon  have  been  completed.  This  method  also  appears  to  be  suit¬ 
able  for  use  on  gallium  arsenide  specimens.  A  bibliography  of  the  lit¬ 
erature  on  properties  of  gold-doped  silicon  that  contains  136  entries  is 
also  included  as  an  appendix. 
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FOREWORD 

The  work  reported  here  is  a  part  of  the  Joint  Program  on  Methods  of 
Measurement  for  Semiconductor  Materials,  Process  Control,  and  Devices. 

This  program  is  carried  out  at  the  National  Bureau  of  Standards;  it  re¬ 
ceives  support  from  a  number  of  other  agencies  of  the  Federal  Government 
in  addition  to  the  NBS.  The  program  was  undertaken  in  1968  to  focus  NBS 
efforts  to  enhance  the  performance,  interchangeability,  and  reliability 
of  discrete  semiconductor  devices  and  integrated  circuits  through  improve¬ 
ments  in  methods  of  measurement  for  use  in  specifying  materials  and  de¬ 
vices  and  in  control  of  device  fabrication  processes.  These  improvements 
are  intended  to  lead  to  a  set  of  measurement  methods  which  have  been  care¬ 
fully  evaluated  for  technical  adequacy,  which  are  acceptable  to  both  users 
and  suppliers,  which  can  provide  a  common  basis  for  the  purchase  specifi¬ 
cations  of  government  agencies,  and  which  will  lead  to  greater  economy  in 
government  procurement.  In  addition,  such  methods  will  provide  a  basis 
for  controlled  improvements  in  essential  device  characteristics,  such  as 
uniformity  of  response  to  radiation  effects.  During  the  period  10  May  to 
31  December  1971  the  portion  of  the  program  concerned  with  gold-doped 
silicon  received  partial  support  from  the  Air  Force  Cambridge  Research 
Laboratories  (LQD)  under  project  order  Y-71-906.  The  contract  monitor 
was  D.  E.  Davies. 

Technical  personnel  who  contributed  to  this  effort  during  the  period 
covered  were: 

W.  M.  Bullis ,  supervisory  physicist,  principal  investigator 
M.  Cosman,  mechanical  engineering  technician,  specimen  prepara¬ 
tion 

T.  E.  Gills,  research  chemist,  neutron  act'vation  analysis 
J.  Krawczyk,  physical  science  technician,  c  Lffusion 
T.  F.  Leedy,  physicist,  diffusion 

W.  E.  Phillips,  physicist,  surface-photovoltage  measurements 
A.  W.  Stallings,  mechanical  engineering  technician,  electrical 
measurements 

W.  R.  Thurber,  physicist,  electrical  measurements 

Preliminary  reports  of  the  work  have  been  reported  in  joint  program 
quarterly  progress  reports  that  have  been  issued  in  the  NBS  Technical 
Note  series.  NBS  Technical  Notes  702  and  717  cover  periods  during  which 
support  was  received  under  the  above  noted  project  order.  Earlier  work 
is  reported  in  NBS  Technical  Notes  488,  495,  520,  527,  560,  571,  592  and 
598. 
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RESISTIVITY  AND  CARRIER  LIFETIME 
IN  GOLD-DOPED  SILICON 

W.  Robert  Thurber  and  W.  Murray  Bullis 


INTRODUCTION 

Gold  is  an  amphoteric  recombination  center  in  silicon.  Its  addition 
to  either  n-type  or  p- type  silicon  will  affect  the  carrier  lifetime.  No 
other  impurity  addition  has  been  found  that  is  as  effective  for  control¬ 
ling  carrier  lifetime  in  silicon;  hence,  gold  is  widely  used  in  device 
fabrication. 

The  basic  electrical  model  for  the  impurity  states  associated  with 
gold  was  clearly  enunciated  in  early  work  on  gold-doped  silicon  [1] ,  and 
the  diffusion  technology  for  introducing  gold  into  the  silicon  lattice, 
though  largely  empirical,  is  under  sufficient  control  that  device  manu¬ 
facturers  can  successfully  employ  it  on  a  large-scale.  Nevertheless,  un¬ 
resolved  problems  remain  in  both  areas.  In  particular,  clarification  of 
the  details  of  the  electrical  model  is  necessary  before  concentrations  of 
gold  centers  can  be  determined  unambiguously  from  measurements  of  resis¬ 
tivity  or  carrier  lifetime  as  might  be  desired,  for  example,  in  before- 
and-after  studies  of  radiation  effects  in  gold-doped  silicon. 

In  the  work  reported  here,  reasons  are  being  sought  for  the  apparent 
discrepancv  e tween  total  and  electrically  active  gold,  for  the  discrep¬ 
ancy  between  calculated  and  observed  resistivity  in  both  n-type  and  p- 
.  vpe  specimens  with  very  large  gold  concentration,  and  for  the  diversity 
in  the  capture  cross  section  data  reported  in  the  literature.  To  invest¬ 
igate  these  problems,  a  series  of  silicon  wafers  to  which  various  amounts 
of  gold  and  phosphorus  or  boron  have  been  added  is  being  characterized  by 
measuring  resistivity,  Hall  coefficient,  and  carrier  lifetime  at  room 
temperature.  Gold  concentrations  are  determined  directly  by  neutron  acti¬ 
vation  analysis  after  gold  has  been  diffused  into  the  wafer;  shallow  do¬ 
pant  (phosphorus  or  boron)  concentrations  are  determined  by  measurement 
of  wafer  resistivity  before  gold  diffusion.  In  addition,  ancillary  exper¬ 
iments  and  computations  to  develop  the  diffusion  technology  necessary  to 
prepare  the  specimens  and  to  elucidate  certain  aspects  of  proposed  models 
are  being  carried  out. 

The  period  covered  by  this  report  is  10  May  to  31  December  1971. 
During  this  period,  considerable  emphasis  has  been  placed  on  the  estab¬ 
lishment  of  facilities  and  procedures  for  measuring  the  short  carrier 
lifetimes  associated  with  gold-doped  silicon.  In  the  continuing  study  of 
resistivity  and  Hall  effect,  principal  effort  has  been  devoted  to  the 
study  of  heavily  gold-doped  p- type  i-ilicon.  For  completeness,  some  work 
completed  before  the  beginning  of  this  period  is  also  included.  A  bibli¬ 
ography  of  the  literature  on  properties  of  gold-doped  silicon  is  appended 
to  the  report. 
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SPECIMEN  PREPARATION 


Both  n-type  and  p- type  crystals  are  being  studied.  About  ten  resis¬ 
tivity  values  of  each  type  cover  the  range  0.01  to  2500  Q*cm  as  listed  in 
table  1.  Wafers  are  cut  from  single  crystals  of  silicon  with  a  diamond 
saw  and  lapped  co  a  final  thickness  of  about  1.1  mm  with  12-ym  alumina. 

The  resistivity  of  representative  wafers  is  measured  by  the  four-probe 
[2]  or  van  der  Pauw  [3]  method.  To  test  for  radial  homegeneity  of  the 
shallow  doping  impurities,  the  resistivity  profile  is  measured  by  the 
four-probe  method  on  one  or  more  wafers  from  each  crystal.  After  comple¬ 
tion  of  the  initial  resistivity  measurements  both  sides  of  each  wafer  are 
chem-mechanically  polished.* 

Immediately  prior  to  insertion  in  the  diffusion  furnace,  the  wafers 
are  cleaned  and  plated  with  gold.  The  cleaning  procedure  consists  of 
the  following  steps:  ultrasonic  agitation  in  detergent  for  one  minute, 
rinses  in  distilled  water  and  methanol,  ultrasonic  agitation  in  trichlo¬ 
roethylene  for  one  minute,  rinse  in  methanol,  ultrasonic  agitation  in 
methanol,  soaking  in  chromic  acid  for  at  least  one  minute,  rinses  in  dis¬ 
tilled  water  and  methanol,  three  rinses  in  nitric  acid  of  one  minute  each, 
rinses  in  distilled  water  and  methanol,  soaking  in  hydrofluoric  acid  for 
one  minute,  and  final  rinses  in  distilled  water  and  methanol.  A  40-nrn 
thick  layer  of  gold  is  then  evaporated  on  both  sides  of  the  wafer  and 
the  wafer  is  loaded  into  the  quartz  tube  of  the  diffusion  furnace. 

Diffusion  takes  place  in  an  open-tube  system.  Most  of  the  diffusions 
have  been  done  in  an  atmosphere  of  high-purity  oxygen,  which  flows  through 
the  quartz  diffusion  tube  at  a  rate  of  4  *  10-6  m3/s.  Diffusions  are  made 
at  temperatures  ot  850,  950,  1050,  1150,  and  1250°C.  The  times  at  1050°C 
and  above  are  long  enough  to  reach  the  solid  solubility  limic  of  gold  in 
silicon.  The  diffusion  time  at  850°C  is  12  to  14  days  and  at  950°C  it  is 
6  to  7  days.  Even  these  long  times  are  not  generally  sufficient  for  the 
gold  concentration  to  reach  its  solid  solubility;  more  variability  in  con¬ 
centration  for  a  given  time  has  been  found  for  diffusions  at  these  temper¬ 
atures  than  for  diffusions  at  the  higher  temperatures.  In  all  cases  the 
gold  concentration  in  the  center  portion  of  the  wafer  is  relatively  flat 
[4,  5]  so  0.12  mm  is  removed  from  each  face  by  lapping  before  the  wafers 
are  analyzed  further.  In  some  cases  difficulty  has  also  been  encountered 
because  of  accumulation  of  gold  at  the  rim  of  the  wafer.  Some  of  the 
early  activation  analysis  specimens  included  rim  portions  and  anomalously 
high  gold  concentrations  were  obtained.  Subsequent  experiments  confirmed 
that  this  was  due  to  Che  large  concentration  of  gold  near  the  rims  of  the 
wafers.  This  effect  appears  to  be  more  significant  for  diffusions  made 
at  temperatures  below  1250°C. 

Hall  bars  with  four  side  arms  and  expanded  ends  are  cut  from  the 
lapped  wafers  for  electrical  measurements.  Aluminum  contact  pads  are 


In  the  early  parts  of  the  study,  this  step  was  omitted  in  preparing 
specimens  for  diffusion.  No  differences  between  the  diffusions  made  on 
lapped  wafers  and  those  made  on  polished  wafers  have  ye;  been  observed. 
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Table  1  —  Silicon  Crystals  for  Gold  Diffusion 


Initial  Resistivity  p-^ 

Type 

Pulled  or 

Status 

(Q»cm) 

Float  Zoned 

0.01 

n 

0.01 

P 

0.08 

n 

pulled 

available 

0.08 

P 

pulled 

diffused 

0.3 

n 

0.54 

P 

puiled 

diffused 

1.2 

n 

1.2 

P 

pulled 

diffused 

5.3 

n 

pulled 

see  Table  2 

11 

P 

pulled 

see  Table  2 

20 

n 

20 

P 

f-z 

see  Table  2 

75 

n 

f-z 

see  Table  2 

93 

P 

f-z 

see  Table  2 

380 

n 

f-z 

sea  Table  2 

300 

P 

f-z 

diffused 

1000 

n 

1080 

P 

f-z 

diffused 

2300 

n 

f-z 

see  Table  2 

2000 

P 

pulled 

diffused 

2400 

P 

f-z 

diffused 

evaporated  on  one  surface  of  the  side  arms  and  ends.  Hall  effect  and  re¬ 
sistivity  measurements  are  made  in  a  light-tight  holder  at  room  tempera¬ 
ture  (25  +  1°C).  Pressure  contact  to  the  aluminum  pads  is  made  with  flat 
phosphor-bronze  springs. 

Pieces  from  the  remainder  of  the  lapped  wafer  are  used  to  determine 
the  gold  concentration  by  means  of  neutron  activation  analysis  as  describ¬ 
ed  in  the  next  section.  The  wafer  rim  is  cut  away  from  the  pieces  before 
they  are  analyzed. 

During  the  initial  phases  of  the  work,  several  experiments  were  con¬ 
ducted  to  study  the  effects  of  atmosphere  and  dislocation  density  on  the 
gold  diffusion  process.  Diffusions  were  carried  out  in  11-  and  20-ii*cm, 
boron-doped  silicon  wafers  at  850  and  1250°C  in  oxygen  or  argon  for  var¬ 
ious  times.  The  ll-ii*cm  wafers  were  cut  from  a  pulled  crystal  with  low 
dislocation  density  and  high  oxygen  concentration.  The  20-f!*cm  wafers 
were  cut  from  a  float-zoned  crystal  with  high  dislocation  density  and  low 
oxygen  concentration.  The  gold  concentration  in  the  flat  region  was  de¬ 
termined  by  neutron  activation  analysis.  The  results,  shown  in  figure  1, 
suggest  that  gold  diffuses  slightly  faster  in  an  oxygen  atmosphere  than 
it  does  in  an  argon  atmosphere.  The  efface  of  a  variety  of  atmospheres 
has  been  reported  in  the  'literature  with  conflicting  claims  as  to  which 
is  the  most  suitable  one.  It  was  also  found  that  gold  diffused  faster  in 
the  high-dislocation  wafers  (20  Q*cm)  than  it  did  in  the  low-dislocation 
wafers  (11  0*cm).  This  result  is  in  agreement  with  that  reported  in  the 
i_terature  by  others. 


ACTIVATION  ANALYSIS 

The  gold  concentrations  were  determined  by  neutron  activation  analy¬ 
sis  using  one  of  the  following  procedures.  In  one  procedure,  the  speci¬ 
mens,  along  with  geld  comparator  standards,  were  irradiated  at  a  thermal 
neutron  flux  of  2  *  10'^  cra“^*s-'.  The  specimens  were  allowed  to  sit  for 
two  days  to  allow  interfering  elements  to  decay  away,  after  which  the 
specimens  and  standards  were  counted  using  a  sodium  iodide  well-type 
scintillation  detector  coupled  Co  a  multi-channel  analyzer.  The  gold  con¬ 
centration  calculation  was  based  on  the  0.142-MeV  gamma  ray  of  2.7-dav 
gold-198. 

In  the  other  procedure,  the  silicon  specimens  and  standard  were  en¬ 
capsulated  in  polyethylene  vials  and  irradiated  for  30  ain  at  a  neutron 
flux  of  1  to  6  *  lG1*  ct3_i*s~l.  Copper  foils  were  attached  to  each  spec¬ 
imen  and  to  the  standare  to  normalise  for  flux  variation.  The  standard 
consisted  of  a  filter  paper  approximately  the  shape  and  siee  of  the  sili¬ 
con  specimens  on  which  was  pipetted  a  known  solution  of  gold  in  aqua- 
regia.  After  irradiation  the  specimens  were  allowed  to  decay  for  two  or 
three  days  tc  minimize  short-lived  interferences  and  then  counted  using  a 
22  cm'  lithium-drifted  germanium  gamma-ray  detector  in  conjunction  with  a 
multi-channel  analyzer.  The  results  were  calculated  using  the  standard- 
comparator  method. 
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RESISTIVITY  AND  HALL  EFFECT  MEASUREMENTS 

A  summary  of  the  specimens  on  which  resistivity  and  Hall  effect 
measurements  have  been  completed  is  given  in  table  2.  The  apparent  dis¬ 
crepancy  between  total  and  electrically  active  gold  is  most  dramatically 
observed  in  n-type  specimens  with  initial  resistivity  lower  than  5  ft*cm. 
This  effect  has  been  well  documented  in  the  literature  [6] ;  it  has  not 
yet  been  repeated  in  the  present  series.  In  p- type  specimens,  the  in¬ 
crease  of  resistivity  with  increasing  gold  concentration  is  less  abrupt 
than  it  is  in  n-type  specimens.  The  results  of  resistivity  measurements 
on  Hall  bars  cut  from  11-,  20- ,  and  93-fl*cm  p- type  wafers  with  varying 
amounts  of  gold  are  shown  in  figure  2.  For  comparison,  the  resistivity 
calculated  from  a  model  for  the  impurity  state  in  gold-doped  silicon  is 
also  shown.  The  calculation  is  based  on  a  solution  to  the  charge  balance 
equation  to  find  the  Fermi  level  and,  hence,  the  hole  concentration.  Lat¬ 
tice  mobility  [7]  and  impurity  mobility  [8]  were  combined  reciprocally  to 
obtain  the  hole  mobility  used  in  the  calculation  of  the  resistivity.  In 
these  calculations  the  energies  of  the  gold  donor  and  acceptor  states  were 
taken  as  0.35  eV  above  the  valence  band  and  0.54  eV  below  the  conduction 
band,  respectively  [1],  the  degeneracy  factors  were  taken  as  0.25  for  the 
donor  and  1.5  for  the  acceptor  [6],  and  the  energy  gap  and  effective  mass¬ 
es  were  taken  from  the  work  of  Barber  [9].  The  above  discrepancy  can  be 
observed  in  these  results  as  a  displacement  of  the  experimental  curves 
to  the  right  of  the  theoretical  curves  by  a  factor  of  about  1.5. 

There  is  an  even  greater  discrepancy  at  the  higher  gold  concentra¬ 
tions.  The  measured  resistivity  reaches  a  maximum  and  then  decreases  as 
the  gold  concentration  increases  while  the  theoretical  curves  slowly  rise 
to  a  common  limiting  value.  Hall  effect  measurements  showed  that  this 
decrease  in  resistivity  was  due  to  an  increase  in  hole  density  rather 
than  an  increase  in  carrier  mobility.  Hall  effect  measurements  made  as 
a  function  of  temperature  on  several  20-ft‘cm  wafers  to  which  different 
amounts  of  gold  had  been  added  showed  that  the  effect  could  not  be  ex¬ 
plained  by  a  dependence  of  the  ionization  energy  of  the  gold  donor  state 
on  the  gold  concentration.  Efforts  to  fit  the  observation  by  changing 
the  degeneracy  factor  of  the  gold  donor  state  in  the  model  were  also  un¬ 
successful  . 

The  possibility  that  shallow  acceptor  impurities  were  being  uninten¬ 
tionally  introduced  during  the  diffusion  was  considered.  Four  ll-ft”cm 
p-type  wafers  were  diffused  at  1250°C  for  times  of  8,  16,  32,  and  64  hours. 
Since  the  gold  reaches  its  solid  solubility  concentration  in  8  hours,  no 
further  changes  in  gold  concentration  or  in  resistivity  should  occur  with 
Increasing  diffusion  times  if  gold  is  the  only  impurity  affecting  the 
electrical  properties.  Activation  analysis  results  and  electrical  measure¬ 
ments  on  the  set  of  four  wafers  showed  that  both  the  gold  concentration 
and  the  resistivity  were  essentially  the  same  for  all  wafers.  The  result 
of  this  experiment  therefore  indicates  that  observable  amounts  of  addi¬ 
tional  shallow  acceptor  impurities  are  not  being  introduced  during  the 
high  temperature  gold  diffusions. 
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GOLD  CONCENTRATION  ( otoms/cms) 


Figure  2.  Resistivity  as  a  function  of  gold  concentration  in  p- type 
silicon  with  initial  resistivity  Error  bars  are  not  indicated.  The 

standard  deviation  of  the  gold  determination  is  estimated  to  be  about  10 
percent.  Resistivity  values  are  reproducible  within  about  5  percent. 


BrUckner  [10]  has  recently  observed  an  impurity  state  that  is  located 
0.033  eV  above  the  valence  band  and  has  suggested  that  it  is  an  electric¬ 
ally  active  complex  of  gold  with  other  defects.  The  concentration  of 
these  acceptors  increases  rapidly  as  gold  concentration  increases.  An 
analysis  indicated  that  the  introduction  of  an  energy  state  between  the 
valence  band  edge  and  the  gold  donor  state  with  a  concentration  that  de¬ 
pends  on  gold  concentration  will  cause  the  observed  decrease  of  resistiv¬ 
ity  as  gold  concentration  increases.  The  curves  in  figure  3  were  generat¬ 
ed  by  assuming  an  acceptor  concentration  that  varies  as  the  third  power 
of  the  gold  concentration  with  an  acceptor  concentration  of  4.5  x  1015  cm- 
at  a  gold  concentration  of  1  *  10 17  cm-3.  Exponential  functions  for  the 
acceptor  concentration  can  also  be  used  to  fit  the  experimental  data. 

More  knowledge  about  the  origin  of  the  acceptor  center  must  be  developed 
to  aid  in  determining  its  true  dependence  on  gold  concentration.  The 
agreement  of  the  calculated  curves  to  the  data  at  low  gold  concentrations 
is  sensitive  to  the  degeneracy  factor  for  the  gold  donor  level,  and  the 
value  of  0.125  used  in  the  calculations  gives  a  good  fit  to  all  three  re¬ 
sistivity  groups.  Values  of  0.25  (used  in  the  calculations  of  figure  2) 
and  0.0625  give  significant  shifts  of  the  computed  curves  to  the  left  and 
right,  respectively,  of  the  experimental  data.  The  other  parameters  for 
the  curves  of  figure  3  are  the  same  ones  used  for  figure  2. 

These  experiments  and  analysis  suggest  that  the  discrepancy  between 
calculated  and  observed  resistivity  in  p-type  silicon  doped  with  large 
amounts  of  gold  is  related  to  the  presence  of  as  yet  unidentified  shallow 
acceptor  complexes.  A  similar  discrepancy  can  be  observed  in  n-type  sili¬ 
con  dopea  with  large  amounts  of  gold.  Hall  effect  end  resistivity  meas¬ 
urements  were  made  at  room  temperature  on  Hall  bars  cut  from  5.3-,  75-, 
and  380-fi‘cm  n-t>pe  wafers  that  had  ueer  ditfused  with  gold  at  850,  950, 
1050,  1150,  and  1250°C  and  from  2300-fi*cm  n-type  wafers  diffused  at  950, 
1050,  1150,  and  1250°C.  In  all  cases  except  the  5.3-fi*cm  wafer  diffused 
at  850°C,  the  hole  concentration  exceeds  the  shallow  donor  concentration. 
As  the  gold  concentration  i3  increased,  the  resistivity  is  expected  to 
reach  a  maximum  and  then  decrease.  Shortly  before  the  maximum  the  speci¬ 
mens  become  p- type.  At  large  values  of  gold  concentration  the  resistivity 
should  approach  a  constant  value  characteristic  only  of  the  gold  impurity. 
The  resistivity  maximum  should  occur  at  'he  intrinsic  value  where  the  pro¬ 
duct  of  electron  concentration  and  mobility  is  equal  to  the  product  of 
hole  concentration  and  mobility,  ard  except  for  possible  differences  in 
mobility  be  independent  of  the  resistivity  of  the  wafer  before  gold  is 
added. 

The  experimental  results,  shown  in  figure  4,  are  generally  consistent 
with  theoretical  expectations  although  they  do  not  agree  in  a  number  of 
important  details.  The  dashed  lines  associated  with  che  data  points  sug¬ 
gest  the  form  the  resistivity-concentration  curves  would  have  to  take  in 
order  to  reach  a  common  resistivity  maximum  near  the  value  of  about 
3.5  x  io5  0*cm  calculated  for  a  temperature  of  25°C  (intrinsic  carrier 
concentration  of  1.10  *  10’°  cm“3,  electron  mobility  of  1300  cm2/V*s,  and 
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Figure  4.  Resistivity  as  a  function  of  gold  concentration  in  initially 
n~type  silicon  with  starting  resistivity  p^.  Resistivity  of  the  speci¬ 
mens  prior  to  gold  doping  is  given.  Open  symbols  represent  specimens 
which  remained  n-type  after  gold  diffusion;  solid  symbols,  specimens 
which  were  converted  to  p- type  by  the  addition  of  gold.  The  dashed  curves 
indicate  the  form  of  the  relationship  between  resistivity  and  gold  concen¬ 
tration  required  by  the  existence  of  a  common  maximum  as  discussed  in  the 
text.  Error  bars  are  not  indicated.  The  standard  deviation  of  the  gold 
determination  is  estimated  to  be  about  10  percent.  Resistivity  values 
are  reproducible  within  about  10  percent. 
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hole  mobility  of  500  cm2/V*s).  The  differences  in  shapes  of  these  curves, 
the  poor  fit  of  the  data  for  the  380-0‘cm  specimens,  and  the  n-type  nature 
of  the  5.3-fi'cm  specimen  diffused  at  1150°C  (which  appears  at  the  maximum) 
all  are  indicative  of  either  experimental  or  interpretative  uncertainties. 
The  resistivity  at  a  gold  concentration  of  1017  cm-3  is  consistent  with 
the  resistivity  measured  on  p- type  wafers.  Evidently  the  same  mechanism 
is  affecting  the  resistivity  in  both  types  of  specimens,  but  this  has  not 
yet  been  verified  by  detailed  analysis  of  the  data  for  n-type  silicon. 

There  are  a  number  of  complicating  factors  in  the  analysis  of  the 
electrical  data.  Experiments  are  now  in  progress  to  separate  the  influ¬ 
ence  of  high-temperature  heat  treatment  from  the  effects  of  gold-doping, 
to  examine  the  effects  of  interstitial  gold  on  the  electrical  properties 
of  gold-doped  silicon,  and  to  study  the  effects  of  gold  precipitation  and 
redistribution.  These  experiments  have  not  yet  reached  the  point  where 
conclusions  may  be  drawn  from  their  resulLs. 


CARRIER  LIFETIME  MEASUREMENTS 

When  the  gold  concentration  is  smaller  than  the  concentration  of  the 
shallow  doping  impurity  in  either  n-type  or  p-type  silicon,  the  presence 
of  the  gold  does  not  measurably  affect  the  resistivity.  However,  elec¬ 
trically  active  gold  does  affect  the  carrier  lifetime. 

Past  studies  of  carrier  lifetime  in  gold-doped  silicon  have  generally 
been  made  by  means  of  the  reverse  recovery  technique  in  diodes  [11,  12]. 
Because  of  uncertainties  encountered  in  relating  carrier  lifetime  in  sil 
icon  diodes  as  measured  by  reverse  recovery  and  open-circuit  voltage  de¬ 
cay  and  because  of  the  desire  to  make  measurements  on  gold-doped  wafers 
without  the  necessity  of  forming  p-n  junctions,  the  steady-state  surface 
photovoltage  (SPV)  method  [13]  was  selected  for  use  in  the  present  work. 

With  this  method  measurements  can  be  made  directly  on  the  Hall  bars. 
The  minority  carrier  lifetime  (t)  is  calculated  from  the  measured  diffus¬ 
ion  length  (L)  by  use  of  the  expression  t  =  L2/D,  where  D  is  the  diffusion 
constant  of  the  minority  carrier.  A  diagram  of  the  experimental  apparatus 
is  shown  in  figure  5.  The  specimen  surface  is  illuminated  with  chopped 
monochromatic  radiation  of  energy  slightly  greater  than  the  band-gap  of 
the  semiconductor.  Electron-hole  pairs  are  produced  and  diffuse  to  the 
surface  where  they  are  separated  by  the  electric  field  of  a  depletion 
region  to  produce  a  surface  photovoltage.  The  SPV  signal  is  capacitive.;/ 
coupled  into  a  lock-in  amplifier  for  amplification  and  measurement.  The 
photon  intensity  is  adjusted  to  produce  the  same  signal  at  various  wave¬ 
lengths  of  illumination.  The  photon  intensity  required  to  produce  this 
constant  SPV  signal  is  plotted  against  the  reciprocal  absorption  coe.-i- 
cient  for  each  wavelength.  Since  the  reflectivity  of  silicon  varies 
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Figure  5.  Schematic  of  the  specimen  holder  for  the  SPV  measurements  and 
block  diagram  of  the  equipment. 
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Figure  6.  Typical  plot  and  printout  of  the  SPV  data.  The  quantity  in 
the  column  labeled  INTENSITY  is  the  product  of  WAVELENGTH,  TC  VOLTAGE, 
and  a  factor  which  accounts  for  the  reflectivity  of  the  specimen  surface. 
To  simplify  the  plotting,  the  in tens ' ty  calculated  for  the  longest  wave¬ 
length  is  assigned  a  value  5.000  and  the  other  values  are  scaled  appropri 


slightly  with  wavelength,  the  intensity  determined  by  a  thermocouple  de¬ 
tector  is  corrected  to  correspond  to  the  illumination  actually  absorbed 
by  the  specimen.  A  typical  example  of  the  plot  that  is  obtained  is  shown 
in  figure  6.  The  linear  portion  of  the  plot  is  extrapolated  to  aero  in¬ 
tensity;  the  magnitude  of  the  (negative)  intercept  value  is  equal  to  the 
effective  diffusion  length. 

In  order  to  plot  the  SPV  data,  it  is  necessary  to  know  the  absorption 
coefficient  as  a  function  of  wavelength.  Many  reports  of  the  absorption 
coefficient  of  silicon  at  room  temperature  in  the  wavelength  range  of  in¬ 
terest  have  appeared  in  the  literature.  Selected  data  obtained  on  high- 
purity  silicon  under  a  variety  cf  experimental  conditions  are  plotted 
against  wavelength  in  figure  7.  The  data  of  Runyan  [14]  were  obtained  on 
stress-relieved  silicon,  and  since  the  gold  diffusion  process  relieves  any 
stresses  in  the  material,  it  is  thought  that  use  of  these  data  is  appropri¬ 
ate  for  the  gold-doped  specimens.  SPV  measurements  are  made  for  wavelength 
values  between  0.80  and  1.05  um.  Since  the  Runyan  data  extends  only  to 
1.0  um,  an  extrapolation  was  made  resulting  in  values  which  are  in  between 
those  obtained  by  Braunstein,  et  al.  [15]  and  Fan,  et  al.  [17]  in  the 
range  1.0  to  1.05  um.  Plots  made  using  this  data  generally  are  linear  in 
the  wavelength  range  from  0.85  to  1.02  um.  Deviations  from  linearity  at 
longer  wavelengths  are  expected  unless  the  specimen  thickness  is  greater 
than  four  times  the  reciprocal  absorption  coefficient  at  the  wavelength 
in  question.  On  wafers  of  the  starting  material,  which  receive  no  heat 
treatment,  it  was  found  that  use  of  the  Dash  and  Newman  [16]  absorption 
coefficient  data,  which  were  measured  on  silicon  that  was  not  stress- 
relieved,  gives  a  more  linear  plot  than  is  obtained  using  the  Runyan  data. 

With  the  SPV  method,  accurate  and  reproducible  measurements  of  short 
diffusion  lengths  are  much  more  difficult  than  measurements  of  long  dif¬ 
fusion  lengths.  The  standard  deviation  due  to  scatter  in  the  data  of  an 
SPV  plot  is  typically  0.5  um,  independent  of  diffusion  length;  the  corre¬ 
sponding  uncertainty  in  the  accuracy  of  the  ditfusion  length  is  1  to  2  um. 
Thus  the  percentage  ;rror  can  be  very  significant  for  a  diffusion  length 
of  5  um,  while  it  is  negligibly  small  for  a  diffusion  length  of  100  um. 

The  most  obvious  sources  of  error  include  noise  and  calibration  uncertain¬ 
ty  of  the  thermocouple  detector  and  lock-in  amplifiers,  drift  of  the  SPV 
signal  with  time,  and  incorrect  values  of  the  absorption  coefficient  and 
reflectivity. 


Most  of  the  measurements  to  date  have  been  made  on  p-type  specimens 
in  the  form  of  Kali  bars.  Specimen  preparation  consists  of  masking  the 
Side  of  the  Hall  bar  containing  the  contacts  and  then  removing  about 
25  um  from  the  other  surface  by  a  polishing  chemical  etch  that  consists 
of  a  mixture  of  nitric,  hydrofluoric,  and  acetic  acids.  This  treatment 
usually  results  in  an  SPV  signal  of  a  few  millivolts  which  is  adequate 
for  the  measurement . 
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ABSORPTION  COEFFICIENT  (cm'1) 


In  p-type  silicon  where  the  shallow  acceptor  concentration  is  much 
greater  than  the  gold  concentration  the  lifetime,  t ,  in  seconds,  is  ap¬ 
proximately 


t 


1 


a 


eO  2 


v 

e 


where  0£q2  * 3  the  capture  cross  section  for  the  positively  charged  gold 
donor  in  square  meters,  v  is  the  thermal  velocity  for  electrons  in  meters 
per  second,  and  is  the  gold  concentration  in  atoms  per  cubic  meter. 

The  values  for  capture  cross  sections  in  gold-doped  silicon  reported  in 
the  literature  are  compiled  in  table  3.  For  the  positive  gold  donor  the 
cross  sections  found  by  Bemski  [20]  and  by  Fairfield  and  Gokhale  [21]  are 
in  better  agreement  than  for  the  other  centers.  Lifetimes  calculated 
using  a  cross  section  of  3.1  *  10-1^  m2  and  a  thermal  velocity  of  2  * 

10"  m/s  are  given  in  table  4  for  comparison  with  the  lifetime  values 
compute,  from  the  measured  diffusion  lengths  of  the  gold-doped  specimens. 
Measurements  on  more  specimens  are  needed  before  definite  conclusions  can 
be  reached  regarding  the  dependence  of  lifetime  on  gold  concentration  or 
the  appropriateness  of  the  available  cross  section  data. 


CARRIER  LIFETIME  MEASUREMENTS  IN  GALLIUM  ARSENIDE 

The  feasibility  of  using  the  SPV  merhod  to  measure  carrier  lifetimes 
in  gallium  arsenide  was  also  considered,  as  i  related  task  under  this  con¬ 
tract.  Measurements  on  gallium  arsenide  made  by  Goodman  [13]  and  by 
Bergmann,  Fritzsche,  and  Riccius  [26]  yielded  diffusion  lengths  predomi¬ 
nately  in  the  range  5  to  20  wo.  In  gallium  arsenide,  the  carrier  lifetime 
is  shorter  than  It  is  in  silicon  of  the  same  type  with  the  sane  diffusion 
length.  The  electron  mobility  in  gallium  arsenide  is  about  six  times  as 
large  as  that  in  silicon  while  the  hole  mobility  is  a  little  less  than 
twice  as  large.  Lifetimes  in  n-type  gallium  arsenide  are  about  ten  times 
larger  than  those  in  p-type  for  the  same  diffusion  length  since  the  dif¬ 
fusion  coefficient  for  holes  is  about  ten  times  smaller  than  that  for 
electrons.  Sinc't  the  error  in  the  SPV  measurement  is  nearly  independent 
of  the  magnitude  of  the  carrier  diffusion  length,  it  follows  that  measure¬ 
ments  of  electron  lifetime  in  p-type  gallium  arsenide  specimens  should  he 
relatively  easy  to  sake  down  to  0.5  to  i  ns  while  the  iover  li&st  in  meas¬ 
urements  of  hole  lifetime  in  n-type  gallium  arsenide  specimens  is  likely 
to  be  5  to  10  ns.  Measurements  on  gallium  arsenide  require  illumination 
with  Q.ft-  to  0.9-pc  radiation  which  is  easily  obtained  by  installing  the 
appropriate  grating  in  the  present  monochromator .  Values  of  absorption 
coefficient  as  a  function  of  wavelength  are  available  to  cue  literature 
[26.  27}. 
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Table  3  -  Capture  Croas  Suciioai  for  Electroaa  end  Hole#  lo  r-Pype  and  p-Type  Cold-Doped  Sliteo® 
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(a)  Baeekl  [21 1,  (to*  lifetime  data.  Calculated  by  the  author  ataualng  thermal  velocities  of  about 
1»1&’  ce/». 

(b)  Fairfield  and  Gokhate  (221,  fro®  capture  probabilities  obtained  fro®  photoconductivity 
•eaturenent*.  Computed  assuming  a  chereal  velocity  of  2-I0>  ce/t  for  both  electrons  and  Nolee. 

(c)  Seetechal  and  8a»in*kl  (2)],  fro**  ecusslon  rate  data.  Calculated  by  the  authors  assuain* 
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dependence  vs*  *uo-ied  for  . 
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DIRECTIONS  OF  FUTURE  WORK 


The  casks  immediately  ahead  include  completion  of  resistivity  and 
Hall  effect  measurements  on  the  silicon  crystals  listed  in  table  1.  On 
completion  of  the  experiments  concerned  virh  interstitial  gold,  gold  pre¬ 
cipitation  and  redistribution,  and  effects  of  heat  treatment,  it  is  ex¬ 
pected  that  the  data  analysis  can  proceed  and  that  considerably  greater 
understanding  concerning  the  relationship  between  total  and  active  gold 
concentration  can  be  developed.  A  new  series  of  experiments  will  be  de¬ 
signed  to  investigate  the  origin  and  characteristics  of  the  acceptor  state 
introduced  at  high  gold  concentrations. 

Some  additional  improvements  to  the  surface  photo”oltage  system  are 
scheduled;  chese  are  expected  to  improve  the  reproduci  lity  still  further 
and  lower  the  limit  of  measurable  diffusion  length.  Once  these  are  com¬ 
plete,  measurement  r  tivity  will  be  increased  in  order  to  collect  the  in¬ 
formation.  necessary  to  resolve  the  conflicts  in  capture  cross  section  data. 

Investigation  of  the  relationship  between  the  reverse  recovery  and 
voltage  decay  methods  for  measuring  carrier  lifetime  in  silicon  diodes 
has  been  resumed  in  order  to  develop  the  capabilities  necessary  to  extend 
the  study  of  gold-doped  silicon  to  junction  structures. 


REFERENCES 

1.  Collins,  C.  B.  ,  Carlson,  8.  0.,  and  Gallagher,  C.  J.,  Properties  of 
Gold-Doped  Silicon,  Phi>3.  Rev.  105,  1168-1173  (1937). 

2.  Standard  Method  for  Measuring  Resistivity  of  Silicon  Sliees  with  a 

Collinear  Four-Probe  Array  (ASTM  Designation:  F84-7Q),  d-v'. 

cf  AST2!  St3r..izi\is ,  Parc  8  (American  Society  for  Testing  and  Materials, 
Philadelphia,  1971). 

3.  Standard  Method  for  Measuring  Hall  Mobility  in  Extrinsie  Semiconduc¬ 
tor  Single  Crystals  (ASTM  Designation:  F76-68) ,  £.*,*:  :f 

Ft j'liwii!,  Part  8  (American  Society  for  Testing  and  Materials, 

Phi  1 ade 1  phi a ,  1971). 

S.  Martin,  j.,  Haas,  E. ,  and  Raithci,  K.,  Radiochesdsche  entersuchungen 
J.ur  Diffusion  Von  Gold  in  Silisiua,  Sclid-StoU:  KUcirc*i- c#  9, 

83-85  (1966). 

5.  Sprokel,  G.  j.,  and  Fairfield,  J.  M. ,  Diffusion  of  Gold  into  Silicon 
Crystals,  •*.  Riccif'-ch/m.  Soa.  !_1_2 ,  200-203  (1963). 

6.  Bui  Ha,  V-  M. ,  and  Slrieter,  F.  J.,  Electrical  Properties  of  *:-Type 

Silicon  Doped  with  Gold,  *?.  >9.  314-318  (1968). 


19 


tfnr^TT" T»wy'  wpB*i  .  -.  .TnwpwJS’?  >iW^*  ,-Tr'"  w®*  wo -‘♦‘I  'ry>‘ 


7.  Ludwig,  3.  W. ,  and  Watters,  R.  L. ,  Drift  and  Conductivity  Mobility 
in  Silicon,  Phys.  Rev.  101,  1699-1701  (1956). 

8.  Brooks,  H.  ,  Theory  of  the  Electrical  Properties  of  Germanium  and 
Silicon,  Advances  in  Electronics  and  Electron  Physics,  Vol.  VII, 

L.  Marton,  ed. ,  pp.  156-160  (Academic  Press,  New  York,  1955). 

9.  Barber,  H.  D. ,  Effective  Mass  and  Intrinsic  Concentration  in  Silicon, 
Solid-State  Electronics  10,  1039-1051  (1967). 

10.  Brtlckner,  B.,  Electrical  Properties  of  Gold-Doped  Silicon,  Phys. 
Status  Solidi  (a)  4. ,  685-692  (1971). 

11.  Bakanowski,  A.  E. ,  and  Forster,  J.  H. ,  Electrical  Properties  of  Gold- 

Doped  Diffused  Silicon  Computer  Diodes,  Bell  Syst.  Tech.  J.  39^,  87- 
104  (1960) .  '  ' 

12.  Fairfield,  J.  M. ,  and  Gokhale,  B.  V.,  Control  of  Diffused  Diode  Re¬ 
covery  Time  through  Gold-Doping,  Solid-S  ate  Electronics  9.,  905-907 
(1966). 

13.  Goodman,  A.  M. ,  A  Method  for  the  Measurement  of  Short  Minority  Car¬ 
rier  Diffusion  Lengths  in  Semiconductors,  J.  Appl.  Phys.  32.,  2550- 
2552  (1961). 

14.  Runyan,  W.  R.  .  A  Study  of  the  Absorption  Coefficient  of  Silicon  in 
the  Wave  Length  Region  between  0.5  and  1.1  Micron,  Southern  Methodist 
University  Report  SMU  83-13  (1967).  Available  from  National  Technical 
Information  Service,  Springfield,  Virginia  22151,  Accession  Number 
N68-16510. 

15.  Braunstein.  R. ,  Moore,  A.  R. ,  and  Herman,  F. ,  Intrinsic  Optical 
Absorption  in  Germanium-Silicon  Alloys,  Phys.  Rev.  109 ,  695-710 
(1558). 

16.  Dash,  W.  C. ,  and  Newman,  R. ,  Intrinsic  Optical  Absorption  in  Single- 
Crystal  Germanium  and  Silicon  at  77°K  and  300°K,  Phys.  Rev.  99 , 
1151-1155  (1955). 

17.  Fan,  H.  Y.,  Shepherd,  M.  L. ,  and  Spitzer,  W. ,  Infrared  Absorption  and 
Energy-Band  Structure  of  Germanium  and  Silicon,  Proc.  Photoconductiv¬ 
ity  Conference,  Atlantic  City,  1954,  R.  G.  Breckenridge ,  B.  R. 
Russell,  and  E.  E.  Hahn,  eds.,  pp.  184-200  (Wiley,  New  York,  1956). 

18.  PauJ .  W. ,  and  Warschauer,  D.  M. .  Optical  Properties  of  Semiconductors 
Under  Hydrostatic  Pressure— II.  Silicon,  J.  Phys,  Chetn.  Solids  102- 
106  (1958). 


20 


"=r<tV3'5^*£F»*  “ 


19.  Macfarlane,  G.  G.,  McLean,  T.  P. ,  Quarrington,  J.  E. ,  and  Roberts, 

V. ,  Fine  Structure  in  the  Absorption-Edge  Spectrum  of  Si,  Phys.  Rev. 
Ill,  1245-1254  (1958). 

20.  Bemski,  G. ,  Recombination  Properties  of  Gold  in  Silicon,  Phys.  Rev. 
Ill,  1515-1518  (1958). 

21.  Fairfield,  .1.  M. ,  and  Gokhale,  B.  V. ,  Gold  as  a  Recombination  Center 
in  Silicon,  Solid-State  Electronics  j5,  685-691  (1965). 

22.  Senechal,  R.  R. ,  and  Basinski,  J. ,  Capacitance  of  Junctions  on  Gold- 
Doped  Silicon,  J.  Appl.  Phys.  39_,  3723-3731  (1968). 

23.  Tasch,  A.  F. ,  Jr.,  and  Sah,  C.  T.,  Recombination-Generation  and 
Optical  Properties  of  Gold  Acceptor  in  Silicon,  Phys.  Rev.  B  1_, 
800-809  (1970). 

24.  Colligan,  M.  B,,  and  van  Vliet,  K.  M. ,  Noise  Properties  of  n-Type 

Gold-Doped  Silicon,  Phys.  Rev.  881-890  (1968). 

25.  Davis,  W.  D. ,  Lifetimes  and  Capture  Cross  Sections  in  Gold-Doped 
Silicon,  Phys.  Rev.  U4,  1006-1008  (1959). 

26.  Bergmann,  F. ,  Fritzsche,  C. ,  and  Riccius,  H.  D. ,  Bestimmung  der 
Diffusionslange  in  Halbleitern  mit  Hilfe  des  Oberflachenphotoeffektes, 
Telefunken  Ztg.  T7,  186-193  (1964). 

27.  Neuberger,  M. ,  Gallium  Arsenide  Data  Sheets,  Electronic  Properties 
Information  Center  (EPIC)  Report  DS-144  (April,  1965).  Available  from 
National  Technical  Information  Service,  Springfield,  Virginia  22151, 
Accession  Number  AD  465160. 


21 


■i 


Appendix 

BIBLIOGRAPHY:  GOLD-DOPED  SILICON 


1954 

Dunlap,  W.  C. ,  Bohm,  H.  V.,  and  Mahon,  H.  P.,  Diffusion  of  Impurities  in 
Silicon,  Phy s.  Rev .  96,  822  (A)  (1954). 

Taft,  E.  A.,  and  Horn,  F.  H. ,  Gold  as  a  Donor  in  Silicon,  Phys.  Rev.  93, 
64  (1954).  — 

1956 

Struthers,  J.  D. ,  Solubility  and  Diffusivity  of  Gold,  Iron,  and  Copper 
in  Silicon,  J.  Appl.  Phys.  27,  1560  (1956);  Erratum:  Solubility  and  Dif¬ 
fusivity  of  Gold,  Iron,  and  Copper  in  Silicon,  J.  Appl.  Phys .  2^8,  516 
(1957). 

1957 

Collins,  C.  B.  ,  Carlson,  R.  0.,  and  Gallagher,  C.  J.,  Properties  of  Gold- 
Doped  Silicon,  Phys.  Rev.  105,  1168-1173  (1957). 

1958 

Bemski,  G.,  Recombination  Properties  of  Gold  in  Silicon,  Phys.  Rev.  Ill , 
1515-1518  (1958). 

Bemski,  G. ,  and  Struthers,  J.  D. ,  Gold  in  Silicon,  J.  Electrochem.  Soa. 
105,  588-591  (1958) 

Carlson,  R.  0.,  Gold  on  Silicon  Surfaces,  J.  Appl.  Phys.  2^9,  1001-1002 
(1958). 

Silverman,  S.  J. ,  and  Singleton,  J.  B.,  Technique  for  Preserving  Lifetime 
in  Diffused  Silicon,  J.  Electrochem.  Soe.  105 ,  591-594  (1958). 

1959 

Davis,  W.  D. ,  Lifetimes  and  Capture  Cross  Sections  in  Gold-Doped  Silicon, 
Phys.  Rev.  114,  1006-1008  (1959). 

1960 

A‘alla,  M.  ,  Semiconductor  Surfaces  and  Films;  The  Silicon-Silicon 
Diode  System,  Proa.  Conf.  Properties  of  Elemental  and  Compound  Semicon¬ 
ductors ,  Boston,  1959,  H.  C.  Gatos,  ed. ,  pp.  163-182  (Interscience,  New 
York,  1960). 

Bakanowski,  A.  E. ,  and  Forster,  J.  H. ,  Electrical  Properties  of  Gold-Doped 
Diffused  Silicon  Computer  Diodes,  Bell  Syst.  Tech.  J.  3-9,  87-104  (1960). 


22 


Boltaks,  B.  I.,  Kulikov,  G.  S.,  and  Malkovich,  R.  Sh.,  The  Effect  of  Gold 
on  the  Electrical  Properties  of  Silicon,  Soviet  Phys.  Solid  State  2^, 
167-175  (1960). 

Boltaks,  B.  I.,  Kulikov,  G.  S.,  and  Malkovich,  R.  Sh. ,  Electrical  Trans¬ 
port  of  Gold  in  Silicon,  Soviet  Phys.  Solid  State  2 ,  2134-2137  (1960). 

Dash,  W.  C.,  Gold-Induced  Climb  of  Dislocations  in  Silicon,  J.  Appl.  Phys. 
31,  2275-2283  (1960). 

Goetzberger,  A.,  and  Shockley,  W. ,  Metal  Precipitates  in  Silicon  p-n 
Junctions,  J.  Appl.  Phys.  _31,  1821-1824  (1960). 

Thurmond,  C.  D. ,  and  Kowalehik,  M. ,  Germanium  and  Silicon  Liquidus  Curves, 
Bell  Syst.  Tech,  J.  39,  169-204  (1960). 

Trumbore,  F.  A.,  Solid  Solubilities  of  Impurity  Elements  in  Germanium  and 
Silicon,  Bell  Syst.  Teak.  J.  _39,  205-233  (1960). 

1961 

Sah,  C.  T. ,  Electronic  Processes  and  Excess  Currents  in  Gold-Doped  Narrow 
Silicon  Junctions,  Phys.  Rev.  123 ,  1594-1612  (1961). 

1962 

Kressel,  H.  ,  Veloric,  H.  S.,  and  Blicher,  A.,  Design  Considerations  for 
Double-Diffused  Silicon  Switching  Transistors,  RCA  Review  23 ,  587-616 
(1962; . 

Nathan,  M.  E. ,  and  Paul,  W.,  Effect  of  Pressure  on  the  Energy  Levels  of 
Impurities  in  Semiconductors.  II.  Gold  in  Silicon,  Phys.  Rev.  128,  38-42 
(1962). 

Vitovskii,  N.  A.,  Lukirskii,  D.  P. ,  Mashovets,  T.  V.  ,  and  Ryvkin,  S.  M., 

On  the  Question  of  the  Energy  Spectrum  of  Certain  Impurity  Atoms  in  Ger¬ 
manium  and  Silicon,  Soviet  Phys.  Solid  State  4_,  599-600  (1962). 

1963 


Adamic,  J.  W. ,  Jr.,  and  McNamara,  J.  E. ,  Studies  of  the  Diffusion  of  Gold 
into  Silicon  and  Silicon  Dioxide  Films,  Paper  149,  New  York  Meeting  of 
the  Electrochemical  Society,  September,  1963. 

Frescura,  B.  L. ,  Impact  Ionization  in  Gold  Doped  Silicon,  IEEE  Intevnat. 
Convert.  Record  11 ,  pt.  3,  28-36  (1963). 

Mehl,  W. ,  Gossenberger ,  H.  F. ,  and  Helpert,  E. ,  A  Method  for  the  Prepara¬ 
tion  of  Low-Temperature  Alloyed  Gold  Contacts  to  Silicon  and  Germanium, 

J.  Electrochem.  Soa.  110,  235-242  (1963). 

Milevskii,  L.  S.,  Gold-Induced  Climb  of  Edge  Dislocations  :*n  Silicon, 
Soviet  Phys.  Solid  State  4_,  1792-1794  (1963). 


23 


<PP^wn TW^wpsi^sr  rjnv 


Plotnikov,  A.  F.,  Tkachev,  V.  D. ,  and  Vavilov,  V.  S.,  Remanent  Impurity 
Photoconductivity  Spectra  of  Silicon  Single  Crystals,  Soviet  Phys.  Solid 
State  4,  2616-2617  (1963). 

Reddi,  V.  G.  K.,  Electrical  Ionization  Phenomenon  in  Gold-Doped  Silicon, 
Stanford  Electronic  Laboratories  Report  No.  63-090  (October,  1963). 
Available  from  National  Technical  Information  Service,  Springfield,  Vir¬ 
ginia  22151,  Accession  Number  AD  422697. 

1964 


Adamic,  J.  W. ,  Jr.,  and  McNamara,  J.  E. ,  A  Study  of  the  Removal  of  Gold 
from  Silicon  using  Phosphorus  and  Boron  Glass  Getters,  Paper  153,  Wash¬ 
ington  Meeting  of  the  Electrochemical  Society,  October,  1964. 

Avak'yants,  G.  M.  ,  Atakulov,  B.,  Murygin,  V.  I.,  Teshabayev,  A.,  and 
Tserfas,  R.  A.,  Some  Regularities  in  the  Current-Voltage  Characteristic 
of  Long  Diodes,  Radio  Engng.  Electronic  Phys.  9^,  707-713  (1964). 

Ishigame,  M. ,  PEM  Effect  in  Silicon,  Japan.  J.  Appl.  Phys.  720-723 
(1964). 

Ivanov,  Yu.  L. ,  and  Ryvkln,  S.  M. ,  Photoelectret  Effect  in  Silicon, 
Soviet  Phys.  Solid  State  5,  2599-2601  (1964). 

Kahng,  D. ,  and  D'Asaro,  L.  A.,  Gold-Epitaxial  Silicon  High-Frequency 
Diodes,  Bell  Syst.  Teoh.  J.  43,  225-232  (1964). 

Sah,  C.  T. ,  and  Reddi,  V.  G.  K. ,  Frequency+Dependence  of  the  Reverse- 
Biased  Capacitance  of  Gold-Doped  Silicon  P  N  Step  Junctions,  IEEE  Trans. 
Electron  Devices  ED-11,  345-349  (1964). 

Wilcox,  W.  R. ,  and  LaChapelle,  T.  J. ,  Mechanism  of  Gold  Diffusion  into 
Silicon,  J.  Appl.  Phys.  35,  240-246  (1964). 

Wilcox,  W.  R. ,  LaChapelle,  T.  J.,  and  Forbes,  D.  H. ,  Gold  in  Silicon: 
Effect  on  Resistivity  and  Diffusion  in  Heavily-Doped  Layers,  J.  Electro- 
chem.  Soc.  Ill,  1377-1380  (1964). 


1965 

Avak'yants,  G.  M.  ,  Alimova,  L.  I.,  Murygin,  V.  I.,  Skripnikov,  Yu.  S., 
and  Tserfas,  R.  A.,  Selective  Properties  of  Silicon  Diodes  with  a  Gold- 
Doped  Base,  Radio  Engng.  Electronic  Phys.  10,  1772-1775  (1965). 

Avak'yants,  G.  M. ,  Atakulov,  B.  A.,  Dmitriyenko,  I.  L. ,  Murygin,  V.  I., 
and  Tserfas,  R.  A.,  On  the  Question  of  the  Forward  Branch  of  the  Volt- 
Ampere  Characteristics  of  Silicon  Diodes  with  a  Gold-Doped  Base,  Radio 
Engng.  Eltitronic  Phys.  10,  1737-1743  (1965). 

Fairfield,  J.  M. ,  and  Gokhalc,  B.  V.,  Gold  as  a  Recombination  Center  in 
Silicon,  Solid-State  Electronics  8^,  685-691  (1965). 

Glinchuk,  K.  D. ,  and  Litovchenks,  N.  M. ,  Activation  of  Impurity  Centers 
in  Silicon,  Soviet  Phys.  Solid  State  6.,  2963-2964  (1965). 


24 


Xng,  S.  W. ,  Jr.,  and  Gerhard,  G.  C. ,  A  High  Gain  Silicon  Photodetector, 
Proa.  IEEE  53 ,  1714-1722  (1965). 

Sprokel,  G.  J.,  Interatitial-Substitutional  Diffusion  in  a  Finite  Medium, 
Gold  into  Silicon,  J.  Electrochem.  Soa.  112 ,  807-812  (1965). 

Sprokel,  G.  J.,  and  Fiarfield,  J.  M. ,  Diffusion  of  Gold  into  Silicon  Crys¬ 
tals,  J.  Electrochem.  Soa.  112 ,  200-203  (1965). 

Tserfas,  R.  A.,  Amplification  and  Oscillation  Properties  of  Silicon 
Diodes  with  a  Gold-Doped  Base,  Radio  Engng.  Electronic  Phys.  10,  1775- 
1779  (1965). 


1966 

Bullis,  W.  M.  ,  Properties  of  Gold  in  Silicon,  Solid-State  Electronics  9_, 
143-168  (1966). 

Collins,  D.  R.  ,  Schroder,  D.  K. ,  and  Sah,  C.  T. ,  Gold  Diffusivities  in 
Si02  and  Si  using  the  MOS  Structure,  Appl.  Phys.  Letters  8^,  323-325  (1966). 

Coutts,  M.  D. ,  and  Revesz,  A.  G. ,  Decoration  of  Semiconductor  Surfaces 
for  Electron  Microscopy  by  Displacement  Deposition  of  Gold,  J.  Appl.  Phys. 
37,  3280-3286  (1966). 

Fairfield,  J.  M. ,  and  Gokhale,  B.  V.  ,  Control  of  Diffused  Diode  Recovery 
Time  through  Gold  Doping,  Solid-State  Electronics  9 905-907  (1966). 

Fairfield,  J.  M. ,  and  Schwuttke,  G.  H. ,  Precipitation  Effects  in  Diffused 
Transistor  Structures,  J.  Appl.  Phys.  37_,  1536-1541  (1966). 

Glinchuk,  K.  D. ,  Denisova,  A.  D. ,  and  Litovchenko,  N.  M. ,  The  Photocon¬ 
ductivity  of  Silicon  Doped  with  Deep  Impurities,  Soviet  Phys.  Solid  State 
7,  2963-2964  (1966). 

Iizuka,  T. ,  Gold-Induced  Dislocation  Loops  in  Silicon  Crystals,  Japan. 

J.  Appl.  Phys.  5,  1018-1025  (1966). 

Joshi,  M.  L. ,  and  Dash,  S. ,  Distribution  and  Precipitation  of  Gold  in 
Phosphorus-Diffused  Silicon,  J.  Appl.  Phys.  2Z»  2453-2457  (1966). 

Martin,  J.  ,  Haas,  E. ,  and  Raithel,  K.,  Radiochemische  Untersuchungen  Zur 
Diffusion  Von  Cold  in  Silizium,  Solid-State  Electronics  9^,  83-85  (1966), 

Ogawa,  T.,  Influence  of  Metal  Impurities  on  Breakdown  Characteristics  of 
High  Voltage  Silicon  n+p  Junctions,  Japan.  J.  Appl.  Phys.  5^,  145-152 
(1966). 

Vapaille,  A.,  Conductivity  du  silicium  dopd  h  l'or,  (Conductivity  of  Sil¬ 
icon  Doped  with  Gold),  C.  R.  Acad.  Sci.  B  263,  649-652  (1966). 

Vapaille,  A.,  Durde  de  vie  des  porteurs  en  exc^s  dans  le  silicium  dopd  S 
l'or,  (Lifetime  of  Excess  Carriers  in  Silicon  Doped  with  Gold),  C.  R. 

Acad.  Sci.  B  263,  705-708  (1966). 


25 


’^•Ttyrrf'r  .TIJl^TyT'ai-v- , 


1967 

Barrett,  J.  R. ,  and  Gerhard,  G.  C. ,  Negative  Photoconductivity  in  Gold- 
Doped  Silicon,  J.  Appl.  Phys.  _38,  900-902  (1967). 

Berkovskaya,  K.  F. ,  Kreitser,  V.  L.,  and  Shuman,  V.  B.,  Investigation  of 
the  Resolving  Power  of  Si(Au)  Scanistors,  Soviet  Phys.  Semiconductor's  1^, 
98-100  (1967) - 

Cagnina,  S.  F. ,  and  Snow,  E.  H. ,  Properties  of  Gold  Doped  MOS  Structures, 

J.  Electroohem.  Soa.  114,  1165-1173  (1967). 

Caughey,  D.  M. ,  Computer  Simulation  of  a  Gold-Doped  Diode,  Electronics 
Letters  3,  548-549  (1967). 

Chou,  N. ,  Fang,  F.  F. ,  and  Balk,  P.,  Effect  of  Gold  Doping  on  Si  Surface 
Characteristics,  Paper  175,  Chicago  Meeting  of  the  Electrochemical  Society, 
October,  1967. 

Gardner,  K.  R. ,  and  Robillard,  T.  R. ,  Gold  Doped  Silicon  Compandor  Diodes 
for  N2  and  N3  Carrier  Systems.  Bell  Syst.  Tech.  J.  46,  1451-1477  (1967). 

Gerlach,  W.  ,  and  Goel,  B.  ,  Gold  Silicon  Phase  Diagrams,  Solid-State  Elec¬ 
tronics  10, ,  589-592  (1967). 

Khitren' ,  M.  I.,  and  Zozulya,  B.  I.,  Effect  of  Heat  Treatment  on  the  Para¬ 
meters  of  Gold-Doped  Silicon,  Soviet  Phys.  Semiconductors  1^,  697-701 
(1967). 

Kozlov,  Yu.  I.,  and  Malkovich,  R.  Sh.,  Decomposition  of  a  Solid  Solution 
of  Gold  in  Silicon,  Soviet  Phys.  Solid  State  9,  384-386  (1967). 

Kressel,  H. ,  and  Alsea,  A.,  Effect  of  Generation-Recombination  Centers  on 
the  Stress-Dependence  of  Si  p-n  Junction  Characteristics,  Solid-State 
Electronics  10,  213-224  (1967). 

Maki,  M. ,  Kamiyama,  T.,  and  Higuchi,  H.,  Measurement  of  Lifetime  Profile 
in  the  Gold  Diffused  Silicon  Planar  P*W  Junction,  Paper  176,  Chicago  Meet¬ 
ing  of  the  Electrochemical  Society,  October,  1967. 

Moore,  J.  S.,  Holonyak,  N. ,  Jr.,  and  Sirkis,  M.  D. ,  Space  Charge  and  Oscil¬ 
lation  Effects  in  Gold-Doped  Silicon  p-i-n  Diodes,  Solid-State  Electi\)nios 
10,  823-832  (1967). 

Nassibian,  A.  G.,  Effect  of  Diffused  Oxygen  and  Gold  on  Surface  Properties 
of  Oxidized  Silicon,  Solid-State  Electronics  10,  879-890  (1967). 

Sah,  C.  T. ,  The  Equivalent  Circuit  Model  in  Solid-State  Electronics  - 
Part  I:  The  Single  Energy  Level  Defect  Centers,  Piv>e.  IEEE  55^,  654-671 
<1967). 

Sah,  C.  T. ,  The  Equivalent  Circuit  Model  in  Solid-State  Electronics  - 
Part  II:  The  Multiple  Energy  Level  Impurity  Centers,  Frvc.  IEEE  55,  672- 
684  (1967). 


26 


Sah,  C.  T. ,  Tasch,  A.  F. ,  Jr.,  and  Schroder,  D.  K. ,  Recombination  Proper¬ 
ties  of  the  Gold  Acceptor  Level  in  Silicon  Using  the  Impurity  Photovoltaic 
Effect,  Phya.  Rev.  Letters  19,  71-72  (1967). 

Schibli,  E. ,  and  Milnes,  A.  G.,  Deep  Impurities  in  Silicon,  Materials 
Soi.  Engng.  2,  173-180  (1967). 

Schuman,  V.  B.,  Diffusion  of  Gold  in  Silicon,  Soviet  Phys.  Semiconductors 
1,  790-791  (1967). 

Varlamov,  I.  V.,  Sondaevskays ,  I.  A.,  and  Sondaevskii,  V.  P.,  Double  In¬ 
jection  in  Gold-Doped  Silicon,  Soviet  Phys.  Semiconductors  JL,  375-377 
(1967). 

Wolley,  E.  D. ,  and  Stickler,  R. ,  Formation  of  Precipitates  in  Gold  Diffus¬ 
ed  Silicon,  J.  Electrochem.  Soc.  114,  1287-1292  (1967). 

1968 


Bullis,  W.  M. ,  and  Strieter,  F.  J.,  Electrical  Properties  of  «-Type  Sili¬ 
con  Doped  with  Gold,  J.  Appl.  Phys.  39,  314-318  (1968). 

Bykovskii,  Yu.  A.,  Vinogradov,  K.  N. ,  and  Zuev,  V.  V.,  Emission  of  Radi¬ 
ation  by  n2+-n  -n+  Structures  Prepared  from  Gold-Doped  Silicon,  Soviet 
Phys.  Semiconductors  1^,  1045-1046  (1968). 

Bykovskii,  Yu.  A.,  Vinogradov,  K.  N. ,  and  Zuev,  V.  B. ,  Negative  Resistance 
of  Gold-Doped  p-n  ,-n  Silicon  Diodes,  Soviet  Phys.  Semiconductors  1_,  1295- 
1296  (1968).  1 

Chino,  K.  ,  Okamoto,  H. ,  Ariyoshi,  H.  ,  and  Mizushima,  Y. ,  Stress  Effect  of 
Gold-Doped  and  Gamma-Irradiated  Schottky-Barrier  Diodes,  Japan.  J.  Avpl. 
Phys.  8,  502-503  (1968). 

Clement,  G. ,  and  Voos ,  M. ,  Minority  Carrier  Lifetime  Measurement  in  Gold 
Doped  Silicon  MOS  Structures,  Sui'face  Set,.  JLl^  147-148  (1968). 

Colligan,  M.  B. ,  and  van  Vliet,  K.  M. ,  Noise  Properties  of  n-Type  Gold- 
Doped  Silicon,  Phys.  Rev.  171,  881-890  (1968). 

Collins,  D.  R. ,  The  Effect  of  Gold  on  the  Properties  of  the  Si-Si0- 
System,  J.  Appl.  Phys.  39,  4133-4143  (1968). 

Dorvard,  R.  C.  ,  and  Kirkaldy,  J.  S.,  Thermodynamic.  Properties  of  Copper 
and  Gold  in  Silicon  and  Gcmamiuo ,  Ti'ans .  Hotall.  Soc.  AIMS  242 ,  2055- 
2061  (1968). 

Lambert,  J.  L. ,  and  Reese,  M.  ,  The  Gettering  of  Gold  and  Copper  from  Sil¬ 
icon,  Solid-State  Electronics  11_,  1055-1061  (1968). 

Malkovich,  R.  Sh.,  Changes  in  the  Concentration  of  Gold  in  Silicon,  Soviet 
Phys.  Solid  State  9,  1676-1677  (1968). 

Nakamura.  M. ,  Rato,  T. ,  and  Oi ,  N. ,  A  Study  of  Gettering  Effect  of  Metal¬ 
lic  Impurities  in  Silicon,  Japan.  J.  Appl.  Phys.  512-519  (1968). 


Peters,  D.  W.  ,  and  Shipley,  M. ,  Forward  Transient  Characteristics  of  Gold- 
Doped  Silicon  p+-«-n+  Diodes,  IEEE  Trane.  Electron  Devices  ED-15,  852- 
854  (1968). 

Richman,  P.,  The  Effect  of  Gold  Doping  Upon  the  Characteristics  of  MOS 
Field-Effect  Transistors  with  Applied  Substrate  Voltage,  Proc.  IEEE  56 , 
774-775  (1968). 

Sah,  C.  T. ,  and  Schroder,  D.  K. ,  Effects  of  Multiply-Charged  Gold  Impurity 
on  the  Breakdown  Voltage  of  Silicon  P-N  Junctions,  Appl.  Phys.  Letters 
12,  141-142  (1968). 

Schibli,  E. ,  and  Milnes,  A.  G.,  Lifetime  and  Capture  Cross-Section  Studies 
of  Deep  Impurities  in  Silicon,  Materials  Sci.  Engng.  2_,  229-241  (1968). 

Schroder,  D.  K. ,  Tasch,  A.  F. ,  Jr.,  and  Sah,  C.  T. ,  The  Spatial  Variation 
of  the  Charged  Gold  Concentration  in  Silicon  p-n  Step  Junctions,  IEEE 
Trans.  Electron  Devices  ED-15,  553-559  (1968). 

Senechal,  R.  R. ,  Comment  on  the  Photocurrent  Determination  of  the  Emission 
Rates  of  the  Gold  Acceptor  Level  in  Silicon,  J.  Appl.  Phys.  3j),  3515- 
3516  (1968). 

Senechal,  R.  R. ,  and  Basinski ,  J.,  Capacitance  of  Junctions  on  Gold-Doped 
Silicon,  J.  Appl.  Phys.  39,  3723-3731  (1968). 

Vapaille,  A.,  Siciliura  dopf*  a  l'or:  Etude  de  la  conductivity  et  de  la 
duree  de  vie  des  porteurs  en  exces,  (Gold-Doped  Silicon:  Study  of  the 
Conductivity  and  Lifetimes  of  Excess  Carriers),  Ann.  Phys.  2»  13-25 
(1968). 

Wright,  G.  T.,  and  Ibrahim,  A.  F. ,  Single  Injection,  Double  Injection  and 
Negative  Resistance  in  Gold-Doped  High-Resistivity  Silicon,  Electl'onics 
Letters  4,  597-598  (1968). 


1969 

Cagnina,  S.  F. ,  Enhanced  Gold  Solubility  Effect  in  Heavily  >:-Type  Silicon, 
■\  Electrochar.  Sac.  116,  498-502  (1969). 

Dorward,  R.  C.,  and  Kirkaldy,  J.  S. ,  Solubility  of  Gold  in  p-Type  Silicon, 
I.  Elecirochen.  Sac.  116,  1284-1285  (1969). 

Kendell,  D-  L. ,  and  DeVries,  D.  B. ,  Diffusion  in  Silicon,  Free.  Senicen- 
iuctcr  Silicon  Syn. ,  New  York,  1969,  R.  R.  liaberecht  and  E.  L.  Kern,  eds., 
pp.  358-421  (Electrochemical  Society,  New  York,  1969). 

Lebedev,  A.  A.,  and  Siltanov,  N.  A- ,  Anomalous  Current-Voltage  Character¬ 
istics  of  Silicon  Diodes  with  a  Negative  Resistance,  So  via*  Phys.  Scr:- 
or.niuoicrs  3,  108-109  (1969). 

Lemke,  H.  ,  and  Miilier,  C.  0.,  On  Majority  Carrier  Sweep-Out  by  Trapped 
Space  Charge  in  Gold-Doped  Silicon,  Phys.  Status  Sett ch  3_l_,  355-362 
(1969). 


Matthews,  M.  D.,  and  James,  P.  F.,  The  Structure  of  Ion- Implanted  Gold 
Layers  In  Single  Crystal  Silicon,  Phil.  Mag.  .IS,  1179-1188  (1969). 

Panousis,  P.  T. ,  Krambeck,  R.  H. ,  and  Johnson,  W.  C. ,  Field- Inhanced  Emis¬ 
sion  and  Constant-Field  Domains  in  Semiconductors  with  Deep  Traps,  Appl - 
Phys.  Letters  15,  79-81  (1969). 

Sah,  C.  T. ,  Forbes,  L. ,  Rosier,  L.  L. ,  and  Tasch,  A.  F. ,  Jr.,  Thermal  and 
Optical  Emission  Rates  and  Cross  Sections  from  the  Impurity  Photocurrent 
and  Photocapacitance  Methods,  Proa.  Third  International  Conference  on 
Photoconductivity ,  Stanford,  1969,  E.  M.  Pell,  ed.,  pp.  253-258  (Pergamon 
Press,  New  York,  1971). 

Sah,  C.  T. ,  Forbes,  L. ,  Rosier,  L.  L. ,  Tasch,  A.  F. ,  Jr.,  and  Tole,  A.  B., 
Thermal  Emission  Rates  of  Carriers  at  Gold  Centers  in  Silicon,  Appl.  Phys. 
Letters  15,  145-148  (1969). 

Sah,  C.  T. ,  and  Yau,  L.  D.,  Observation  of  the  Ideal  Generation-Recombination 
Noise  Spectrum  and  Spectra  with  Voltage  Variable  Relaxation  Time  in  Gold- 
Doped  Silicon,  Appl.  Phys.  Letters  14_,  267-269  (1969). 

Shaklee,  F.  S.,  Larkin,  J.  B. ,  and  Kendall,  D.  L. ,  Heat  Treatments  of 
Gold-Doped  Silicon  Diodes,  Proc.  IEEE  57,  1481-1483  (1969). 

Veinger,  A.  I.,  Ivanov,  V.  G. ,  Paritskii,  L.  G. ,  and  Ryvkin,  S.  M. ,  Re¬ 
combination  of  Hot  Electrons  in  Gold-Doped  Silicon,  Soviet  Phys.  Semicon¬ 
ductors  2,  1236-1238  (1969). 


1970 

Agraz-Guerena,  J. ,  and  Li,  S.  S.,  Low-Temperature  Photoraagnetoelectric 
Properties  of  Gold-Doped  n- Type  Silicon,  Phys.  Rev.  3  2^,  1847-1851  (1970). 

Agraz-Guerena,  J. ,  and  Li,  S.  S. ,  Recombination  and  Trapping  Process  of 
the  Injected  Carriers  in  Gold-Doped  Silicon  at  Low  Temperatures,  Phys. 

Rev.  82,  4966-4971  (1970). 

Badalov.  A.  Z.  ,  Photoconductivity  of  Gold-Doped  n-Type  Silicon,  Soviet 
Phys.  Semiconductors  3,  1435-1436  (1970). 

Badalov,  A.  J. ,  and  Schusan,  V.  B. ,  Diffusion  of  Au  in  n-Type  Si,  Soviet 
Phys.  Semiconductors  3,  1137-1139  (1970). 

Bykovskii,  Yu.  A.,  Vinogradov,  K.  N. ,  and  Zuev,  V.  V.,  Characteristic 
Features  of  the  e-Typg  Negative  Resistance  and  of  the  Negative  Photocon¬ 
ductivity  of  Gold-Doped  n-Type  Si  Samples,  Soviet  Phys,  Semi-conductors 
3,  935-936  (1970). 

Bykovskii,  Yu.  A.,  Vinogradov,  K.  N- ,  Zuev,  V.  V.,  ano  Kozyrev,  Yu.  P. , 
Negative  Photoconductivity  of  Gold-Doped  Silicon,  Soviet  Phys.  Semicon¬ 
ductors  3.  933-934  (1970)* 

Castrucci,  P.  Grochowski,  E.  G. ,  O'Rourke,  G.  D. ,  and  Piialev,  8. , 
Resistivity  Changes  Caused  by  Gold  Diffusion  in  Epitaxial  n-p-n  Transis¬ 
tors,  IEEE  Trans  Electron  Devices  ED-17,  170-172  (1970). 


29 


Huntley,  F.  A.,  and  Willoughby,  A.  F.  W. ,  The  Diffusion  of  Gold  in  Thin 
Silicon  Slices,  Solid-State  Elcotronioe  JJ,  1231-1240  (1970). 

Kawazu,  S. ,  Yasuoka,  A.,  and  Nomura,  K. ,  The  Surface  Properties  of  Gold 
Doped  Silicon,  Paper  163,  Atlantic  City  Meeting  of  the  Electrochemical 
Society,  October,  1970. 

Muzyukin,  L.  P.,  Murygin,  V.  I.,  Sondaevskaya,  I.  A.,  and  Stafeev,  V.  I., 
Temperature  Dependence  of  the  Current-Voltage  Characteristics  for  a  Long 
Diode  Made  of  Gold-Doped  Silicon,  Soviet  Phye.  Semiaor.duatora  4,  829- 
830  (1970). 

Parekh,  P.  C.  ,  Gettering  of  Gold  and  its  Influence  or  some  Transistor 
Parameters,  Solid-State  Eleotronios  13,  1401-^406  (1970). 

Prince,  J.  L. ,  Wortman,  J.  J.,  Monteith,  L.  K. ,  and  Hauser,  J.  R. ,  Effect 
of  Stress  on  the  Carrier  Generation  Rate  in  Gold-Doped  Silicon,  Solid- 
State  Eleotronios  13,  1519-1526  (1970). 

Sah,  C.  T- ,  The  Equivalent  Circuit  Model  in  Solid-State  Electronics  -  III 
Solid-State  Eleotronios  13,  1547-1575  (1970). 

Sato,  S.,  aid  Sah,  C.  T.,  Measurements  of  the  Thermal -Emission  Rates  of 
Electronics  .tnd  Holes  at  the  Gold  Centers  in  Silicon  Using  the  Small- 
Signal-Pulsed  Field  Effect,  J.  Appl.  Phye.  41^,  4175-4181  (1970). 

Tasch,  A.  F.  ,  J,-.,  and  Sah,  C.  T.  ,  Recombination-Generation  and  Optica) 
Properties  of  Gold  Acceptor  in  Silicon,  Phye.  Rev.  B  _i,  800-809  (1970). 

Weber,  W.  H.,  and  iord,  G.  W. ,  Double  Injection  in  Semiconductors  Heavily 
Doped  with  Deep  Two-Level  Traps,  Solid-State  ElectiKmics  j_3,  1333-1356 
(1970). 

Yau,  L.  D. ,  and  Sah,  C.  I.,  Temperature  and  Field  Dependences  of  the 
Generation-Recombination  Nois^.  and  the  Thermal  Emission  Rates  at  the  Gold 
Acceptor  Center  in  Silicon,  Sol*  d-State  Eleati'cmice  L3,  1213-1218  (1970). 

Yoshida,  M.  ,  and  Saito,  K. ,  Disso.iative  Diffusion  of  Gold  in  Silicon, 
Japan.  J.  Appl.  ?hys.  9,  1217-1228  (I97Q). 

Zelra,  M. ,  and  Gaier,  C.  ,  Hall  Concent -ation  Profiles  and  Minority  Car¬ 
rier  Lifetimes  in  npn  Structures,  Paner  180,  Atlantic  City  Meeting  of  the 
Electrochemical  Society,  October,  1970. 

1971 

Antognetti,  P. ,  Chiabrera,  A.,  and  Ridella,  S.  ,  Negative  Resistance  in 
Silicon  Doped  with  Gold,  Solid-Stats  Electronics  _14,  1I19-U22  (1971). 

Brdckner,  B. ,  Electrical  Properties  cf  Geld -Doped  Silicon,  Phy$.  Stci *s 
Sslidi  (<t)  4,  685-692  (1971). 

SrUsssar,  0.,  and  Hofmann,  M-  ,  Rdntgentopographische  und  r on t genes i k ro an ;i i y 
tische  tfnte  rave  hunger.  zur  Diffusion  von  Gold  in  Silizium,  Pnys.  Stains 
Solidi  fa)  5,  199-208  (1971). 


30 


Forbes,  L. ,  and  Sah,  C.  T. ,  On  the  Determination  of  Deep  Level  Center 
Energy  and  Concentration  by  Thermally  Stimulated  Conductivity  Measurements 
Using  Reverse-Biased  p-n  Junctions,  Solid-State  Electronics  Jl4,  182-183 
(1971). 

Huntley,  F.  A.,  and  Willoughby,  A.  F.  W. ,  Surface  Diffusion  of  Gold  on  Sil¬ 
icon,  Solid-State  Electronics  14,  641-643  (1971). 

Huntley,  F.  A.,  and  Willoughby,  A.  F.  W. ,  Coraaents  on  Go)d  Diffusion  and 
Bulk  Vacancy  Generation  in  Silicon  by  J.  L.  Lambert,  Ph yj.  Status  Solidi 
(a)  _5,  K213-K215  (1971);  Lambert,  J.  L. ,  Reply  to  Comments  by  Huntley  and 
Willoughby,  Phys.  Status  Solidi  (a)  _5,  K217  (1971). 

Kozlov,  Yu.  I.,  Electrotransport  of  Gold  in  Heavily  Doped  Silicon,  Soviet 
Phys.  Semiconductors  _5»  1074-1075  (1971). 

Lambert,  J.  L. ,  Gold  Diffusion  and  Bulk  Vacancy  Generation  in  Silicon, 

Phys.  Status  Solidi  (a)  4,  K33-K35  (1971). 

Li,  S.  S.,  and  Tseng,  H.  F. ,  Study  of  Room- Temperature  Photomagnetoelectric 
and  Photoconductive  Effects  in  Au-Doped  Silicon,  Phys.  Rev.  B  4^,  490-498 
(1971). 

Tseng.,  H.  F.  ,  and  Li,  S.  S.  ,  Photodetection  Using  Photomagnetoelectric 
and  Dumber  Effects  in  Gold-Doped  Silicon,  Proc.  IEEE  59,  1719-1720  (1971). 


31 


